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SUPPRESS ION
By Lucio Maestrello

INTRODUCT ION

There is continued concern about the noise generated by the exhausts
of high performance jet engines such as those required for future super-
sonic transport type aircraft. The control of shock noise is of particular
concern. It involves two components. One component consisis of discrete
harmonically related tones, often termed screech noise (ref. 1), generated
by an acoustic feedback mechanism. The other component is more of a
broadband type but is strongly peaked and is known as shock associated
noise (refs. 2-4). The shock and shock cells are formed t.y compression
or expansion waves that trail downstream of the nozzle, the results of
an imperfectly expanded flow.

As part of a continuing study of possible methods of jct noise
reduction, some tests nave been made on a porous plug type noise
suppressor. Very little information exists in the literature on the
aeroacoustic performance of jet nos:les having porous elements designed
to eliminate the shock waves in the exhaust stream and by so doing to
eliminate the shock associated noise and screech.

The purpose of this paper is to present some initial results on
the aercacoustic performance of a model porous plug type jet noise
suppressor. Included are shadowgraph pictures of the flow exhausting
from the porous plug nozzle with the comparable acoustic far-field

spectra and cross-correlations which illustrate the benefits of the

test device.



APPARATUS AND METHODS

Description of Test Nozzles

The porous plug nozzle suppressor for which aeroacoustic results
are presented herein is shown in the photograph of figure 1. The
hollow center body is 7.62 cm in diameter and extends a length of 39 cm
from the nozzle exit. It has a surface porosity of about 2 percent
(ratio of open area to total area) which was accomplished by drilling
a pattern of 0.07 cm ra“ial holes around its periphery. The ratio between
the diameter of the center plug and the basic nozzle is 0.833 with a net
flow exit area of 20.27 cm2 (equivalent to 2.0 inch diameter jet).

The interior cavity of the plug is vented to the jet stream all
along its length and acts like a settling chamber whose pressure is
nearly equal to ambient. It thus tends to equalize the aorupt
positive and negative pressure gradients of the jet stream.

Upstream of the nozzle, the plug cavity was connected through a
pipe to a pump which could operate either for blowing or suction. For
the present tests, however, forced flow was not used. The planned
objective was achieved by either venting the pipe to atmosphere or
by closing it off completely.

The extended plug center body may also act as a stabilizer of the
jet column because it extends well into the fully developed region such

that the secondary jet forms after the flow is at low velocity.
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A simple convergerit nozzle having an exit diameter of 5.08 cm
and having the same open filow exit area as the above porous plug
nozzle was also tested to obtain comparablie data as a basis for
evaluating the aeroacoustic performance of the porous plug nozzle.
Both nozzles were tested over a range of pressure ratios between

1.136 - 3.72 and at ambient temperature.

Measurements

Two-point space-time correlation measurements of the acoustic
pressure were made inside an anechoic chamber about an arc of radius
3.81 m with microphones spaced 5° apart, and located between 20° and
90° from the direction of flow. Fourteen (14) carefully phase-matched
microphones were employed (1.27 cm in diameter condenser type). The
microphone array was designed such that the microphone distances
and angles were accurately controlied. The acoustic pressure was
recorded on an FM magnetic tape recorder within the band between
10 Hz to 40 KHz. The data reduction was accomplished using analog
means through a playback system. At higher pressure ratios the shock

patterns were detected by using shadowgraph techniques.

EXPERIMENTAL RESULTS AND DISCUSSION
Aerodynamic Flow

The shadowgraph pictures of figure 2 illustrate some of the features

of operation of the porous plug nozzle. Data for the standard circular
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nozzile and for two plug nozzles, 31! having equivalent open areas and
operating at a nozzle pressure ratio of 3.72 are shown in the figure.
Note that for convenience each of the photographs is cropped so

that only a portior of the flow field is shown.

The flow of the standard convergent nozzle (shown in the top
photograph) is underexpanded, a condition favorable for the formation
of a pattern of shocks along the jet column. Portions of three shock
cells are evident, and others were observed downstream of the portion
showr in the photograph. The shocks are weaker further ““wnstream
and eventually disappear probably due to turbulent diffusion as the
flow becomes subsonic. The shocks observed in the shadowgraphs are
believed to be the sources of broadband sound arising from their
interactions with convected turbulence. No acoustic feedback was
observed at the pressure ratio of 3.72, but was observed for some other
pressure ratios.

The flow of the porous plug nozzle (see bottom photograph)
is free of shocks and since the mean static pressure balances with
ambient, the flow is ideally expanded. The mean Mach number of
the jet, therefore, exceed: that of the standard jet for which the
flow is not ideally expanded. The elimination of the shocks as
illustrated in the bottom photograph has been observed aver the entire
range of pressure ratios of the tests.

The flow over the nonporous plug as shown in the center photograph,

is not free of shochs. A comparison of the results for the porous and
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nonporous plugs indicate that the venting holes readjust the pressure
gradient in the flow, thus preventing the formation of shocks and shock
cells. The presence of a plug (center photograph) changes the
viscid characteristics of the flow in two ways: (1) it changes the
flow field from nearly axisymmetric to nearly two dimensional and thus
eliminates the intensifications or "focusing” of the compression waves
or weak shocks near the axis and, (2) the porosity of the plug (bottom
photograph) induces equilibrium in mean static pressure and thus prevents

the reflection of the shockh waves at the wall of the plug.

Acoustic Radiation

The power spectral densities of the far-field sound for the
standard noz:le and the porous plug nozzle, at 90° and 207 from
the direction of the flow are shown in figures 3 and 4, respectively.
Note that the spectrum for the standard jet an angle of 90"

-

eahibits a broad peak at a frequency abeout 7 NHz which is believed to
be shockh associated noise. This latter comvonent has been shown to
radiate siagnificantly between angles of 607 to 1307 from the direction
of flow, which are important for flyover noise (ref. 5). On the other
hand, mixing noise was shown to dominate the spectrum at lower angles
(ref. 3). Similar data for the porous plug nozzle indicates no peaks
due to shock associated noise. This result is consistent with the

shadowgraph data of figure O which suggested that the shock waves were

completely eliminated in this case,

- ——



Note also that the porous plug nozzle spectra indicate noise
reductions essentially at all frequencies and at each cf the angles.
The result suggests that the shear noise component is reduced as well
as the shock associated noise component. The reduction of shear noise
is a general result since it was observed at subsonic jet pressure ratios
as well as at supercritical pressure ratios.

Notice, however, that noise reduction occurs also at the 20°
angle (see fig. 4) for which the mixing noise preduminates. In fact,
significant mixing noise reduction occurs even when the Mach number is
subsonic, particularly at small angles from the jet axis. This can
be attributed to a reduction in shear noise rather than in self-noise,
(see Ribner, ref. 5). In fact, reduction in the thickness of the snear
layer effects the lower frequency part of the spectrum because it reduces
the scale. This point is covered in the Ribner and Lighthill tneories
(refs. 5 and 6).

Both shock associated noise and screeching have been observed
for a pressure ratio of 3.04 and some example data are shown in figure 5.
The screech components are discrete tones <.perimposed on the broadband
shock associated and mixing noise components. Again, one can observe
that the spectra for the porous pluc nozzle is free of shock noise,
because in effect the porous plug prevents shock formation. Consequently,
the resulting noise level is considerably reduced. Spectrum for the porous
plug is believed to be lower in level than the spectrum of an ideally

expanded supersonic jet.
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The spatial extent of the sources in the jets can be deduced
from the far-field cross correlation measurements shown in figures 6
and 7, with the fixed microphone located at 90°. These figures show
the normalized space time cross correlations of the far-field pressure
as a function of tjme delay for “arious angular separations between
90° andr70°. These correlations were taken at a pressure ratio of
1.45 (jet Mach no « .74) instead of at 3.72 because the presence of
shocks at the higher pressure ratio in the standard jet makes the
interpretation difficult. What these figures reveal is that the
time delay of the correlation maxima is significantly different between
the two nozzles. The porous plug data show that the radiated sound
reaches the far-field micrephones at about the same instant since the
correlation maximum occur near 2c.c0 time delay. Tie sources there-
fore appear to be concentrated within a very narrow region of the
shear layer. For the standard jet, on the other hand, they appear
to be distributed over a much larger spatial exient since the correlation
maxima occur over a range of time delays. For both of these cases,
the time delay due to refraction, as well as the contributions due to
convection of the mean flow and the source motions are not significant,
The dependence of acoustic intensity on the mean Mach number of
the jet (Mj) at four difforont angles from the jet axis, namely 90,
60°, 407, and 20" is shown in figure & for both standard convergent
and porous pluy nozzles. Included is a reference line faired through
the 90° angle data in each case. For the standard nozzle the data are
seen to deviate from the faired line at Mach numbers (Mj) greater than

1.0 due to the presence of the shocks. On the other hand, for the
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plug, the data 7ollow the same trend over the whole operaticn range,
thus indicating shock free flow. There tends to be less intensity
level variation at angles between 20° and 90° for the porous plug
nozzle than for thc standard nozzle. This is an indication that
the noise sources of the porous plug nozzle are concentrated in a
smll region of the flow and that the directivity pattern is more
uniform than that of the standard jet.

The results of measurements in reference 7 for a jet exhausting
through a wire grid show a nondirectional radiation pattern similar to
that of the porous plug nozzle as well as a reduction in amplitude in
the lower frequency part of the spectrum as shown in figure 4. The
flow velocity profiles in the plug nozzle and in a jet exhausting
through a wire grid are quite different, because the former is being
narrowed and the latter is being broadened with respect to a standard
jet. However, the thickness of tne shear layer between the minimum

and the maximum velocities is relatively small in both cases, compared

to that of a standard jet. This narrowing of the shear layer is believed

to account for the shear noise reduction because it reduces the spatial
scale of the large structure of the flow.

Because of the highly localized field of the sources in the
porous plug nozzle there is the possibility of further noise reductions
by means of shielding. In order to investigate this possibility a test
was conducted using an acoustic shiald or baffle and the results are

given in figure 9. The baffle consists of a 10 cm thick polyurethane



blanket, placed about 30 cm away from the jet, curved over a 90° arc,

and inclined 15° away from the direction of the ffou. The use of this
acoustic beffle has roduced the noise reductions shown in the figure
for a messurement angle of 90°. The attenuvation is significant for
frequencies above ) KHz, while at lower frequencies, there is a swall
increase in noise level. Similar results weré obtained at all angles
and pressure ratios of the tests. The consistent increase in noise
levels at low frequencies for all tests with the baffle is not completely
understood bul it is however comsistent with past experience of operating

Jets in close proximity to surfaces.

Thrust Performance

Determinations of the jet total thrust were made by measurirg the
force of a jet impinging on a large thick plate mounted at 95 cm downstream
of the nozzle. The jet impinged on one-nalf of the plate and exerted a
force on the load cell on which the otherhalf of the plate rested.
The ratio between the thrust of the standard jet and that o the porous
plug nozyle was obtained by the ratio of the voltage outputs from the
load cell. This ratio was about 0.99 at a pressure ratio of 3.72. At
lower pressures it decreased to 0.96 at the lowest subsonic velocity.
The test was conducted by maintaining constant stagnation conditions,
rather than a constant mass flow. Future tests will incorporate mass
flow measurements in these comparisons, Better thrust performance
would be expected provided the aerodynamic design of the upstream

part of the nozzle plug was improveu.



10
CONCLUDING REMARKS

This paper contains a description of the configuration and
operating chavacteristics of a porous center body plug nozzle jet
noise suppressor that provides shock free flow over a wide range of
nozzle pressure ratios. The elimination of the shocks and the re-
sulting “shock associated noise” and "screeching” is accomplished by
equilization of pressure along the jet axis. Because of the geometrical
fe.ture of the porous plug nozzle, shear noise reductions are also
observed at all subsonic and supersonic flow conditions tested.

Additional benefits are the localization of the noise sources
in the flow and the reduction of the spatial scale of the large
structure of the jet flow, which enhance the performance of an

acoustic baffle.
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